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+ v  rv =  1

rp+ r2v + g (1)
?????????? t??? x?????? v(t;x)??? p(t;x)??? (t;x)???
???  ????????? g ???? g ? y ?????????
???????? 0 ?????? 1(t;x)????
 = 0 + 1 (2)
?????????p???? 0 ???????? p0(y)???? p1(t;x)????









p1  p0 (5)




rp+ g =  1
0 + 1


















+ v  rv =   1
0
























???????????????? x ?????????? y ??????????





????? (? 1)??? v0 = y ????v1 ?





?????? r v ???????????? r v0 ??????? ! ??????
???! ?
! = r v  r v0 (13)
= r v1 (14)



























r (AB) = (B  r)A  (A  r)B +A(r B) B(r A) (17)
???
r (v  (!   z^)) = ((!   z^)  r)v   (v  r)(!   z^)
+v(r  (!   z^))  (!   z^)(r  v) (18)
????? (18)?????? z^ ??????????2??????????
z^  v = 0 (19)
??????????????
r  v = 0 (20)
???
z^  ((!   z^)  r)v = 0 (21)
z^  (v  r)(!   z^) = v  r(!z   ) (22)
z^  v(r  (!   z^)) = 0 (23)
z^  (!   z^)(r  v) = 0 (24)
?????????
z^  (r (v  (!   z^))) =  v  r(!   z^) (25)
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????
v1 ????????? ?????v1 ? ????










































? (16)???? 4?? z^ ?????
















































































































































































0  x  Lx; 0  y  Ly (39)
????
x???????????? f(x; y)??????????
f(x; y) = f(x+ Lx; y) (40)
?????
y ???????????? (11)???????????????? t = 0? y ??
?????????????????????
f(x; y) = f(x; y  Ly) (t = 0) (41)
????t = 0?????? (x; y  Ly)?????t = t1 ???? (x; y)??????
? Lyt1 ?????????? x??????????????y ?????????
???????????????????????????
f(x; y) = f(x Lyt; y  Ly) (t > 0) (42)
??????? shearing box??????? [3]?
3 ???????
n???????? t? tn ????t?????????? y ?????
yn := y(tn) (43)
???????????????
tn+1   tn = 1; tn   tn 1 = 2 (44)
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????
xy ???????????????? hx; hy ? (Nx + 1) (Ny + 1)???????
???????????????? (x0; y0)??????? x??? i????????
x??? xi?y ??? j ???????? y ??? yj ?????????
xi = x0 + ihx i = 0; 1; 2;    ; Nx
yj = y0 + jhy j = 0; 1; 2;    ; Ny (45)
????x; y ?????????? f ?????
fi;j := f(xi; yj) (46)
??????
3.1 ????













+ f; !zg0i;j +




























= f(t; y(t)) (49)
?????????
yn+1 = yn +
Z tn+1
tn
f(t; y(t)) dt (50)




tn   tn 1 f(t
n; yn) +
t  tn












yn+1  yn +
Z tn+1
tn
~f(t; y(t)) dt (52)
?????????Z tn+1
tn





































yn+1 = yn + c1f(t






















+ f; !zgni;j +










+ f; !zgn 1i;j +



















































































?????3 ???????? 2 ???????????????? (57)-(59) ???
1=3??????????????
ff; ggi;j =   1
12hxhy
f(gi;j 1 + gi+1;j 1   gi;j+1   gi+1;j+1)(fi+1;j   fi;j)
+(gi 1;j 1 + gi;j 1   gi 1;j+1   gi;j+1)(fi;j   fi 1;j)
+(gi+1;j + gi+1;j+1   gi 1;j   gi 1;j+1)(fi;j+1   fi;j)
+(gi+1;j 1 + gi+1;j   gi 1;j 1   gi 1;j)(fi;j   fi;j 1)
+(gi+1;j   gi;j+1)(fi+1;j+1   fi;j)
+(gi;j 1   gi 1;j)(fi;j   fi 1;j 1)
+(gi;j+1   gi 1;j)(fi 1;j+1   fi;j)










fni+1;j   2fni;j + fni 1;j
h2x
+







i+1;j   2i;j + i 1;j
h2x
+
i;j+1   2i;j + i;j 1
h2y
=  !z i;j (63)
????















???????????? 1????????????? Lis*1[4]????? Bicon-
jugate Gradient(BiCG)?????? (65)?????
BiCG???????? [7]??????? 1????
3.5 Shearing box ????????
? (42)????? shearing box????????????????????????
????????????
  0????????????????????????????? 2??????
??????????????? V ????????????  V ?
V = Ly (66)
??????????? j? 1; Ny+1?????????????? 0  j  Ny ??
??????????? 1  j  Ny +1????????????j = Ny + 1; j =  1
???? j = 1; j = Ny   1???????????????????????????
?????????????? 3????? (0; 0)????????????? ????
*1 The Scalable Software Infrastructure Project??????? (????)????????????
???????????????????????????Version 1.0.0 ? 2005 ? 9 ? 20 ????
????2016? 1? 25???????? Version 1.5.62.
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?????? 1 ??????? Ax = b???? BiCG?
x0: ??????
r0  b Ax0
choose r0 such that r

o  r0 6= 0
p0  r0
p0  r0







xk+1  xk + kpk
rk+1  rk   kqk




pk+1  rk+1 + kpk









(b) t = t0 > 0
? 2: ???????????????????????????????





















? (ib; Ny   1)(??????)?????? t?????????????? d?
d = V t (67)
????d ??????? d=h ???????????????? n; ib (0  ib < Nx)
?
ib + nNx  d=h < ib + nNx + 1 (68)
?????????x ???????????????? Nx ??????????
???
ib  oor(d=h) mod Nx (69)
????????oor ????????????????????(0; Ny + 1) ???
(it; 1)?
it = Nx   ib   1 (70)
???????x ???????????????(i;Ny + 1) ??? (it(i); 1) ???
(i; 1)??? (ib(i); Ny   1)?????
ib(i)  ib(0) + i mod Nx (71)
15
??????? it(0) = it; ib(0) = ib ????? 3?????(ib; Ny   1)? (0; 1)?
????????? hx ???  : 1???????????? (ib; Ny   1)?(0; 1)?
????????????????0   < 1??????????????????
??????? d=h?????????
 = d=h  oor(d=h) (72)
????
(i;Ny + 1) ??????????????? (it; 1) ??????????????
???
it(0) = Nx   ib(0)  1
it(i)  it(0) + i mod Nx
(73)
???????(i;Ny + 1)? (it; 1)????? (1  )hx ????
(i; 1)??? (i;Ny + 1)???????????? 4???? 3?? Lagrange??
(4???)???????????????????????????????????
?????????? (?? A(105))? 2?????????????????????
????A?????xk 1 < xk  x  xk+1 < xk+2??? 4? xk 1; xk; xk+1; xk+2
???? fk 1; fk; fk+1; fk+2 ???? 4???? Lagrange????



















????? (30)??????? (35)????  = 0????????????
(@t + v0@x)r2 = g
0
@x1 (75)
(@t + v0@x) 1 = 
0
0@x (76)
??????????v0 = y ????!z ?? Poisson??? (38)??????? (75)











(t;k) ~'(t;k;x) dk (78)
?????? ~'???????????????????
~' (t;k;x) = exp [ikx (x  yt) + ikyy]
= exp
h
ikxx+ i~ky (t) y
i (79)





















































































????(77)???? (85)???? ~' (t;k0;x)????x?????????????
?? ~'(t;k;x)? t?????????????????Z





































































????(77)???? ~' (t;k0;x)????x??????????????? ~'(t;k;x)
? t?????????????????Z




















































????????2 = 00g=0 ?????
4.2 ??????????????
















































 = 0 (93)
?????????  = 2=2 ????????????????????  ????




















8<: 1  > 2const:  = 2























1(0;x) =  cos(2x+ 10y)
(98)
????(30)?(35) ??? (38) ?????????????????????Lx =
; Ly = ;Nx = 80; Ny = 200;t = 0:001????y????? ~ky = ky kxt???
????????????????Ny ?????????????????kx = 2??
???????Nx ???????????  = 10 5; g=0 = 1; 00 = 1;  = 1????
????  = 1????????????  = 0; 0:001? 2????????????
? (90)??????? C??????? (98)???????????4? Runge-Kutta
??????





?? 1 2 
A 10 2 0 1
B 10 2 1=2 1
C 10 1 0 1
D 10 2 1=2 0.5
E 10 1 0 0.5
???????????????????????t = 15??????????????
??t??????
~ky(t) = j(ky   kxt)j?????????????? B?????





???????????????  ?????????????????? 5???
??????? A?? E???? (? 1)???????? 1(0; x; y)????
1(0; x; y) = f + n (99)
???1?????????? f ???????? (A,C,E)??????? n ???
??? (B,D)?????????????????????? f ??? 1 ?????
kx = 2; ky = 10???






2(Rs(kx; ky) sin(kxx+ kyy) +Rc(kx; ky) cos(kxx+ kyy)) (101)
?????????????????????????Rs; Rc??? ( 1; 1)?????
















? 5: ?? 10 2 ???????????? max ????? (???)??
? 10 5 ???????????? max  103 ????? (???)(??
A)
5.2  = 1????????????
???????? A,B,C????????????????  = 1????????
????? 3???????????
5.2.1 ?? 10 2 ???
A???? max ??????? 5????????????? max ??? ???
????? = 10 2 ???? max ??????? = 10 5 ???? 103 ??????
????????????????????????????????????????
?????????????????????
5.2.2 ????????? 10 2 ???
B? A?????? 2 = 1=2??????????????B???? max ??
????? 6???????????? t = 5?????????????????t = 7
















? 6: ?? 10 2 ???????????????? max ????? (?
??)?????????? max ????? (???)(?? B)
??t = 10 ???? (kx; ~ky(10)) = (2; 5) ????????????????????
??????????? Kelvin-Helmholtz(KH)?????????t = 18?????
?????????????
5.2.3 ?? 10 1 ???
C? 1 = 10 1 ????????????????? (2 = 0)??????C???
? max ??????? 8 ????t = 10 ????????????????????
???????? max ???????????
t = 10 ?????? !z ? xy ???????? 9 ????t = 10 ????
(kx; ~ky(10)) = (2; 5) ????????????????? KH ?????????
t = 12??????????????????
KH ????????????????????????????????????




(a) t = 10 (b) t = 11
(c) t = 12 (d) t = 13
(e) t = 15 (f) t = 18


















? 8: ?? 10 1 ???????????? max ????? (???)??
? 10 5 ???????????? max  103 ????? (???)(??
C)
5.3  = 0:5?????????
 = 1????????????????????????????? B,C?????
00 = 0:5 ???????????????  = 0:5 ???????????? D,E ?
????
5.3.1 ????????? 10 2 ???
D ?????? 1 = 10 12 = 1=2 ??????????????????D ??
?? max ??????? 10????t < 15???????????????????
?????????????t > 15 ?? j~kyj > 20 ????????????????
(Nx; Ny) = (200; 200)???????????????????????
5.3.2 ?? 10 1 ???
E???? max ??????? 11???? = 0:5?????????????
?????????????? = 1??? C??????????????????
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(a) t = 10 (b) t = 10:6
(c) t = 10:8 (d) t = 11
(e) t = 11:2 (f) t = 12

















? 10:  = 0:5??? 10 2 ???????????????? max ??
??? (?? D)
?? KH?????????????????????????????? ( = 0:5)?
????????????
5.4 ??????
 = 1????????????? 1 = 10 2 ????????? A(5)?? max ?
???????????? 1???????????????????????????
A????????????????? 2 = 10 2=2???????? B(? 6?7)???
KH?????????max ?????? = 1???????? [1]????????
???????????????????????????? 2 ??? KH ?????
?????????????????????????????alpha = 1??????
?? 1 = 10 1?????? (2 = 0)??? C(? 8?5.2.3)????????????
????? KH ????????????????????????????????
???????KH??????????
2??? KH????????????? B??? C??????????????




















???????? 2 ????????????shearing box ???????????
???????????????????????????????????????
????????????????????????? 2 ????????? 2 ??




 = 1???????? [1]??????????????????????????
??????????????? 2????????????????????????





???????????? (Nx; Ny) = (200; 200)????????????????
????????????????????????????????????????
????????????????????????????????????????







??????????CPU?????????????? 6???? t = 15??? 4
















i+1;j   2i;j + i 1;j
h2x
+





????j = 0????y ????????? shearing box?????????????
??4???? Lagrange??












i; 1 = f(x; k   1; k; k + 1; k + 2) +O(h4x) (104)










????hx = hy = h?????????(105)? O(h2)??????????????
???????????????hx ? hy ????????????????? 2???
???????????????? 4?????????????????????
????????????????? 2????????? 2?????? 4????
???
(x; y) = A sin(2x+ (10  2t)y) (106)
A = 104; t = 5:345 (107)
???? Poisson??? ! = r2?  =2 < Lx < =2; =2 < Ly < =2?????
???????????????????????
!(x; y) =  B sin(2x+ (10  2t)y) (108)
B =
A




































? 12: ??? 2???????????? El ?????????(a)Nx ?
????????? El ?Ny ???(b)Ny ?????????? El ?Nx
???









j!(xi; yj)  !i;j j (110)
?????
2?????????????? 12(a)???Ny ????????El?????O(h2x)
?????????????????????? 12(b)???hy ??????? El ??
???????????????2?????????????????????????
4?????????????? 13(a)???Ny ????????hy < hx ?????




































? 13: ??? 4???????????? El ?????????(a)Nx ?












u(x; t) = f(x  ct) (112)
??????? f(x) = u(x; 0)????



























????????? u( ; t) = u(; t)??????????? ????
??? = 2;  ? 2?????????????
?????  = 0:001???????? N = 10; 20; 40; 80; 160(h = N=2)????
??? t = 5; 10???? u(t)?? 14?15????N  320????????????
??????
B.2.1 ??
?? t = 5?????????????
Em = max
i=1;2; ;N
ju(xi; t = 5)  uij (114)












(ct   a  ct)??????
?????? a????????a???? h?????????????? vp ????
???????? c = 1??? vdi ????????? 2???? 17?18????
? 17 ???????????????????????????????????
?????2 ?????  ???????????????????????????
????????????????????????????????????????
































(b) t = 10































(b) t = 10

































? 17: ???? vp ?????????????? h=?????
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? 2:  = 2 ??? N; t?????? a????? vp
(a)  = 2
N h a@t = 5 a@t = 10 vp vdi
10 0.6283 4.677 9.355 0.9354 6:45 10 2
20 0.3142 4.918 9.836 0.9836 1:64 10 2
40 0.1571 4.979 9.959 0.9959 4:11 10 3
80 0.07854 4.995 9.990 0.999 1:03 10 3
160 0.03927 4.999 9.997 1.000 2:57 10 4
320 0.01963 5.000 9.999 1.000 6:4 10 5
640 0.009817 5.000 10.000 1.000 1:6 10 5
1280 0.004909 5.000 10.000 1.000 4 10 6
(b)  = 
N h a@t = 5 a@t = 10 vp vdi
10 0.6283 3.784 4.427 0.757 2:31 10 1
20 0.3142 4.677 9.355 0.935 6:45 10 2
40 0.1571 4.918 9.836 0.984 1:63 10 2
80 0.07854 4.979 9.959 0.996 4:11 10 3
160 0.03927 4.995 9.990 0.999 1:03 10 3
320 0.01963 4.999 9.997 1.000 2:55 10 4
640 0.009817 5.000 9.999 1.000 6:3 10 5
















? 18: ??? vdi ?????????
38
?? C 1 ??? ??????
^?????????? (90)? t = 0? ^??? d^=dt??????????????
???????????????????? 1 ??? ! (= r2) ?????????
???????????????????????????????? ^1 (t = 0)???
?????????? d^=dt (t = 0)????????????  = 0????????
C.1 1 ??? ????
?????????? (75) ?? 1 ???  ???????????(75) ????
(84)???????? ~' (t;k0;x)????x??????????????? ~'(t;k;x)
? t?????????????????Z



























































?????(75)???? ~' (t;k0;x)????x??????(115)???? ~'(t;k;x)?
t?????????????????Z



















































C.2 ^ (t)? ^1 (t)???
(120)?????? 1 ?  i?????????????????????????
? ? 1 ???? =2???????????????????
 (t;x) = ^ (t) sin

kxx+ ~ky (t) y

(121)
1 (t;x) = ^1 (t) cos

kxx+ ~ky (t) y

(122)












































kxx+ ~ky (t) y
i
= 2kx~ky^ (t) sin





































(@t + y@x)r2 =















C@x1 =  Ckx^1 (t) sin

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